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Malaria  is  caused  by  members  of  the  genus  Plasmodium.  The  four 
species  infecting  humans  axe  Plasmodium  falciparum,  P.  vivax,  P. 
malaiiae,  and  P.  ovale.  Plasmodium  sporozoites  develop  in  the  saliv¬ 
ary  glands  of  female  anopheline  mosquitoes  and  are  transmitted  to 
humans  during  a  blood  meal.  The  sporozoites  remain  in  the  host's 
circulation  for  a  brief  period  before  entering  hepatocytes,  where  they 
develop  for  5-16  days  depending  on  the  species.  During  this  period 
they  increase  in  number  thousands  of  times.  A  uninucleate  P.  falci¬ 
parum  sporozoite,  for  example,  can  develop  into  a  multinucleate  liver 
schizont  with  as  many  as  30,000-50,000  uninucleate  merozoites.  The 
phase  beginning  with  sporozoite  entry  into  the  blood  and  ending  with 
merozoite  invasion  of  erythrocytes  is  called  the  exoerythrocytic  phase 
of  the  disease. 
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Figure  4.1.  Life  cycle  of  the 
malaria  parasite.  Sporozoites 
enter  the  blood  stream  when 
a  female  anopheline  mos¬ 
quito  takes  a  blood  meal  (lj. 
The  sporozoites  enter  liver 
cells  and  amplify  their  num¬ 
ber  thousands  of  times 
through  the  asexual  pro¬ 
duction  of  merozoites. 

When  the  liver  cells 
rupture,  merozoites  pour 
into  the  bloodstream  and 
enter  red  blood  cells  j2). 
Clinical  symptoms  appear 
when  the  mature  erythrocy¬ 
tic  schizont  ruptures.  Some 
of  the  blood  stage  parasites 
differentiate  into  the  sexual 
stages,  gametocytes.  When 
these  organisms  are  taken 
up  by  another  feeding  mos¬ 
quito,  sexual  reproduction 
occurs  within  the  mosquito 
m:dgut  (3),  and  sporozoites 
eventually  appear  in  its 
sahvary  glands. 


The  life  cycle  of  Plasmodium  reveals  several  apparent  points  at 
which  to  attack  and  disrupt  the  life  cycle  of  the  malarial  parasite  (Fig. 
4.1).  Investigators  are  working  to  develop  vaccines  that  produce  im¬ 
munity  to  circulating  sporozoites,  to  parasites  developing  in  the  liver, 
to  merozoites  free  in  the  bloodstream,  to  parasite-infected  erythro¬ 
cytes,  and  to  the  gametocyte.  Our  efforts  are  directed  at  developing 
vaccines  to  preerythrocytic  stages  of  the  parasite,  in  particular  the 
sporozoite  and  the  developing  liver  stage  parasite. 


Sporozoite  Immunity  and  Circumsporozoite 
Protein 

Studies  with  avian  malarias  by  Richards  et  al.  (1)  indicated  that  im¬ 
munization  with  inactivated  sporozoites  induced  a  partial  immunity 
in  birds.  In  1967  and  1969,  Nussenzweig  and  colleagues  (2,3)  demon- 
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strated  that  mice  immunized  with  radiation-attenuated  P.  berghei 
sporozoites  were  protected  against  challenge  with  infective,  normal 
P.  berghei  sporozoites.  Studies  also  demonstrated  that  this  sporozoite 
immunity  was  stage-specific  but  not  species-specific.  In  other  words, 
no  protection  was  seen  when  the  immunized  mice  were  challenged 
with  blood  snwe  parasites  of  P.  berghei,  but  protection  was  seen  when 
mice  were  challenged  with  sporozoites  from  either  P.  vinckci  or  P. 
berghei.  Clyde  et  al.  (4,5)  and  Rieckmann  et  al.  [6,7]  reproduced  these 
studies  in  humans  using  irradiated  p.  falciparum  and  P.  vivex  spor¬ 
ozoites.  The  important  demonstration  that  humans  are  biologically 
capable  of  generating  a  protective  immune  response  to  malarial  spor¬ 
ozoites  provided  the  impetus  for  subsequent  efforts  in  malaria  de¬ 
velopment.  Studies  (8,9)  have  shown  that,  at  least  in  some  strains  of 
mice,  the  immunity  induced  by  immunization  with  irradiated  spor¬ 
ozoites  is  mediated  by  CDS'  T-cells.  A  large  body  of  evidence  already 
exists,  however,  indicating  that  antibody-dependent  immunity  to 
sporozoites  is  possible,  and  attempts  to  improve  methods  of  inducing 
protective  antibodies  have  therefore  continued.  It  now  appears  that 
there  are  two  mechanisms  of  immunity  to  prcerythrocytic  stages:  T- 
cell  dependent  and  antibody-dependent.  This  chapter  examines  the 
background  and  current  status  of  efforts  to  create  vaccines  that  in¬ 
duce  antibodies  that  prevent  effective  sporozoite  invasion  of  hepato- 
cytes. 

In  1980  an  apparent  target  of  the  antibody  response  was  localized 
on  the  surface  of  the  P.  berghei  sporozoite  by  Yoshida  and  coworkers 
(10).  This  immunogenic  protein,  named  circumsporozoite  (CS)  pro¬ 
tein,  was  detected  through  the  use  of  a  monoclonal  antibody  induced 
by  the  bites  of  irradiated  P.  berghei- infected  mosquitoes.  In  P. 
berghei,  the  protein  has  a  molecular  weight  of  44  kDa.  Shorthly 
thereafter,  analogous  proteins  were  found  on  the  sporozoite  surface 
of  other  species  of  Plasmodium  (11,12).  Within  a  few  years  of  these 
observations,  the  genes  for  the  CS  proteins  of  P.  knowlesi  (13,14), 
P.  cynomolgi  (15),  P.  falciparum  (16,17),  P.  vivax  (18,19),  P.  berghei 
(20,21),  P.  yoelii  (22,23),  and  P.  malarias  (24)  were  cloned  and  se¬ 
quenced.  These  proteins  are  generally  similar  in  structure,  and  all 
possess  a  highly  immunogenic  set  of  repeated  amino  acid  sequences. 
The  exact  amino  acid  sequence  of  the  repeats  varies  among  species; 
some  repeats  are  as  short  as  four  residues,  others  as  long  as  twelve 
(Fig.  4.2). 

In  1980  Potocnjak  and  cowmrkers  (25)  made  the  important  observa¬ 
tion  that  passive  transfer  of  antibody  alone  can  provide  protection 
from  sporozoite  challenge.  This  antibody  reacted  with  the  44-kDa 
CS  protein  that  had  been  described  by  Yoshida  et  al.  (10).  Fab  frag¬ 
ments  [monovalent  immunoglobulin  G  (IgG)  fragments  prepared  by 
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P  vivax  GDRADGQPA  GDRAAGQPA 

P.  falciparum  NANP  NVDP 

P  yoelii  QGPGAP  QCPGAP 


Figure  4.2.  Simplified  diagram  of  the  Plasmodium  circumsporozoite  protein 
Regions  1  and  II  represent  highly  conserved  regions  -with  considerable  homol¬ 
ogy  between  species.  The  highly  immunodominant  central  repeat  region  con¬ 
tains  repeated  amino  acid  sequences  characteristic  of  each  species.  Two  re¬ 
peats  in  the  diagram  are  expanded  to  show  representative  sequences  from 
three  species.  P.  vivax  has  19  copies  of  a  nine  amino  acid  repeat,  two  of  sever¬ 
al  variant  sequences  are  shown.  P.  falciparum  has  23  copies  of  a  four  ammo 
acid  repeat.  NANP  is  the  major  repeat,  and  NVDP  is  the  minor  repeat.  P. 
yoelii  has  15  to  19  copies  of  a  six  amino  acid  repeat  (QGPGAP/  and  six  to 
seven  copies  of  a  minor  repeat  (QQPP). 


papain  treatment]  of  this  antibody  were  then  successfully  used  in  pas¬ 
sive  transfer  studies  in  which  10  /ag  of  Fab  were  intravenously  in¬ 
jected  into  mice  that  were  protected  against  challenge  with  1000  P, 
berghei  sporozoites.  In  comparison  studies,  the  Fab  fragments  proved 
as  effective  as  intact  antibody  at  providing  protection.  Within  5  years 
of  the  release  of  these  data,  the  sequences  of  the  CS  proteins  of  sever¬ 
al  species  of  Plasmodium  were  published  (vide  supra)  and  a  concerted 
effort  began  to  develop  methods  of  inducing  antibody-mediated  im¬ 
munity  against  sporozoites. 


P.  falciparum  and  Human  Vaccine  Trials 

With  the  identification  of  the  central  repeat  region  of  the  CS  pro¬ 
tein  of  P.  falciparum  in  1984  (16,17),  attempts  to  induce  sterilizing 
immunity  to  sporozoites  began  to  focus  on  the  use  of  peptides  as 
immunogens.  Young  and  colleagues  (26)  transformed  Escherichia 
coli  with  the  gene  encoding  the  four  amino  acid  repeat  sequence  of 
the  P.  falciparum  CS  protein;  the  gene  product  elicited  high  anti¬ 
body  titers  in  mice.  Ballou  et  al.  (27)  used  synthetic  peptides  based 
on  the  P.  falciparum  CS  protein  conjugated  to  a  carrier  to  induce 
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antibodies  in  mice  and  rabbits.  These  antibodies  recognized  native 
CS  protein  and  blocked  sporozoite  invasion  of  human  hepatoma 
cells.  -Antibodies  raised  to  two  conserved  nomepeat  flanking  regions 
(regions  I  and  II)  did  not  neutralize  sporozoites.  These  data  were  inter¬ 
preted  to  mean  that  the  central  repeat  region  was  the  preferred  im¬ 
munogen  for  a  sporozoite  vaccine.  Weber  and  Hockmeyer  (2S)  used 
the  cloned  CS  protein  gene  from  one  strain  of  P.  falciparum  to  probe 
17  other  P.  falciparum  strains  from  around  the  world  and  found  that 
the  probe  hybridized  with  each  strain.  This  finding  led  them  to  con¬ 
clude  that  the  gene  was  highly  conserved  and  its  product  could  be 
considered  a  good  candidate  for  vaccine  development.  Zavala  et  al. 
(29)  used  sera  from  a  malarious  area,  monoclonal  antibodies  to  spor¬ 
ozoites,  and  polyclonal  antibodies  to  |NANP]3  to  show  that  antibody 
raised  against  the  native  immunogens  reacted  with  (NANP)3,  and 
antibody  to  (NANP)3  reacted  with  sporozoites.  This  finding  also  sup¬ 
ported  the  contention  that  the  central  repeat  region  was  an  excellent 
peptide  on  which  to  base  a  sporozoite  vaccine.  Zavala  et  ai.  (30)  and 
Yoshida  and  colleagues  (31)  further  showed  that  P.  falciparum  spor¬ 
ozoites  collected  worldwide  reacted  with  antibody  to  the  repeat  re¬ 
gion  of  the  CS  protein,  thereby  implying  that  there  was  no  antigenic 
variation  among  strains,  and  that  the  repeat  region  was  an  excellent 
target  for  development  as  a  vaccine. 

The  first  human  vaccines  against  the  P.  falciparum  sporozoite  were 
based  on  the  sequence  NANP  and  the  minor  repeat  NVDP.  Ballou 
and  colleagues  (32)  used  a  recombinant  protein  vaccine  containing 
copies  of  both  NANP  and  NVDP  plus  32  amino  acids  from  a  bacterial 
tetracycline  resistance  gene  and  adsorbed  this  vaccine  to  alum 
(R32tet32j.  Herrington  and  coworkers  (33)  used  a  synthetic  peptide 
vaccine  consisting  of  three  copies  of  NANP  conjugated  to  tetanus 
toxoid  and  also  adsorbed  to  alum.  In  the  Ballou  study,  six  subjects 
immunized  with  100-to  800-/xg  doses  were  challenged  with  the 
bites  of  five  infected  mosquitoes;  one  subject  was  protected.  In 
the  Herrington  study,  three  vaccinated  subjects  were  likewise  chal¬ 
lenged,  and  one  was  protected.  In  both  studies  the  subjects  not  in¬ 
fected  upon  challenge  were  also  the  ones  with  the  highest  antibody 
levels,  and  five  of  nine  of  these  subjects  experienced  lengthened  pre¬ 
patency  periods  that  correlated  with  the  antibody  titer.  The  antibody 
levels  induced  by  these  vaccines  were  low  in  most  volunteers, 
although  the  few  subjects  who  responded  well  developed  titers  that 
approached  those  in  persons  from  malaria-endemic  areas.  As  Hoffman 
and  coworkers  (34)  demonstrated,  however,  naturally  acquired  anti¬ 
bodies  to  sporozoites  seen  in  persons  living  in  malarious  areas  do  not 
correlate  with  resistance  to  malaria. 
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Antibody  Induction  with  Subunit  Vaccines 

The  initial  human  vaccine  trials  highlighted  two  issues  concerning 
CS  repeat  vaccines.  The  first  was  the  relatively  poor  antibody  re¬ 
sponse  of  a  significant  number  of  individuals  to  the  vaccines,  and  the 
second  was  the  poor  efficacy  in  the  presence  of  what  would  be  con¬ 
sidered  relatvely  high  antibody  titers  for  vaccines  against  viruses  or 
bacteria.  During  this  period,  the  CS  protein  of  the  murine  malaria  pa¬ 
rasite  P.  berghei  was  cloned  and  sequenced  (20,21).  To  evaluate  the 
response  to  subunit  CS  vaccines,  Egan  and  colleagues  (35)  immunized 
mice  with  a  peptide  consisting  of  an  eight  amino  acid  repeat  sequence 
found  in  the  CS  protein  of  P.  berghei  (DPAPPNAN  conjugated  to 
keyhole  limpet  hemocyanin).  Other  mn.e  received  an  £.  coh  pro¬ 
duced  recombinant  protein  containing  a  large  portion  of  the  CS 
protein  including  the  entire  repeat  region.  By  using  complete  and 
incomplete  Freund's  adjuvant,  they  were  able  to  achieve  high  levels 
of  antibody,  but  both  vaccines  protected  only  about  50%  of  mice 
challenged  with  a  small  number  of  infective  sporozoites.  Naive  mice 
were  then  passively  immunized  with  varying  amounts  of  the  purified 
IgG  from  the  immunized  mice,  and  protective  efficacy  was  compared 
to  that  achieved  with  a  protective  monoclonal  antibody.  All  mice  re¬ 
ceiving  the  monoclonal  antibody  were  protected;  and  75%  were  pro¬ 
tected  with  purified  polyclonal  IgG  taken  from  mice  immunized  with 
peptide.  These  data  implied  that,  on  a  weight-to-weight  basis,  poly¬ 
clonal  antibodies  appeared  at  least  as  effective  at  providing  protection 
as  did  monoclonal  antibodies.  Later,  in  1987,  Zavala  and  colleagues 
(36)  obtained  even  better  results  by  immunizing  with  a  discrete  pro¬ 
tein.  They  immunized  with  a  slightly  different  repeat  (DPPPPNPN 
conjugated  to  tetanus  toxoid)  from  the  P.  berghei  CS  protein  than  the 
one  uses  by  Egan  et  al.  (35).  The  vaccinated  mice  were  challenged 
with  a  small  number  (1000)  of  infective  sporozoites.  This  number  is 
considered  a  small  challenge  because  the  dose  of  P. berghei  sporozo¬ 
ites  required  to  infect  50%  of  mice  (ID50)  is  generally  about  500  spor¬ 
ozoites  and  because  P.  berghei  irradiated  sporozoites  induce  an  im¬ 
mune  state  so  solid  that  mice  can  withstand  sporozoite  challenges 
of  50,000-500,000  infective  sporozoites  (37;  S.L.  Hoffman  and  W.R. 
Ballou;  unpublished  data).  Nevertheless,  up  to  87%  of  the  mice 
were  protected. 

Charoenvit  and  colleagues  (38)  showed  that  antibody  reactivity 
with  sporozoite  proteins  did  not  imply  the  ability  to  protect.  Five 
monoclonal  antibodies  generated  against  P.  yoelii  sporozoites  were 
positive  for  reactivity  to  P.  yoelii  sporozoites  by  immunofluores¬ 
cence;  only  three  were  positive  in  the  circumsporozoite  precipitation 
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test.  Of  these  three,  only  two  provided  protection  when  sporozoites 
were  incubated  with  antibody  prior  to  injection  into  naive  mice  [spor¬ 
ozoite  neutralization  technique).  Shortly  after  this  work  was  pub¬ 
lished,  the  sequence  of  the  P.  yoelii  CS  protein  was  determined 
(22,23)  using  one  of  the  protective  antibodies  (NYSl)  developed  by 
Charoenvit  et  al.  (38).  The  protein  contained  a  central  repeat  region 
with  a  dominant  repeat  having  the  sequence  QGPGAP  and  the  minor 
repeat  QQPP.  Incubation  with  synthetic  QGPGAP  inhibited  the  reac¬ 
tivity  of  the  protective  antibody  NYSl.  Sedegah  and  coworkers  (39) 
used  either  irradiated  P.  yoelii  sporozoites  or  a  vaccinia  recombinant 
construct  encoding  the  full-length  P.  yoelii  CS  protein  including  19 
copies  of  QGPGAP  to  vaccinate  mice.  Both  groups  of  animals  gener¬ 
ated  excellent  antibodies  against  the  t'QGPGAPh;  the  irradiated  spor¬ 
ozoite  vaccinated  group  was  protected  upon  challenge  with  10,000  in¬ 
fective  sporozoites,  the  recombinant  construct  vaccinated  group  was 
not  protected  against  challenge  with  200  sporozoites.  However,  when 
the  protected  mice  were  depleted  of  CDS'"  T-cells,  protection  was 
lost,  indicating  that  neither  group  generated  protective  antibodies. 
Charoenvit  and  colleagues  (40)  showed  that  mice  that  received  NYSl, 
a  monoclonal  antibody  to  the  P.  yoelii  CS  protein  repeat  region,  were 
protected  upon  subsequent  sporozoite  challenge.  However,  mice  im¬ 
munized  with  a  P.  yoelii  repeat  region  subunit  vaccine  were  not  pro¬ 
tected.  Upon  examination  of  the  sera  from  the  actively  immunized, 
passively  immunized  (NYSl  antibody),  and  irradiated  sporozoite  im¬ 
munized  mice,  no  significant  difference  between  the  three  types  of 
sera  was  found  by  the  enzyme-linked  immunosorbent  assay  (ELISA) 
against  QGPGAP  or  immunofluorescence  against  sporozoites. 

These  studies,  viewed  collectively,  demonstrate  that  (1)  circulating 
antibodies  alone  (in  the  form  of  injected  monoclonal  antibodies)  pro¬ 
vide  potent  protection  against  «porozoite  challenge,-  and  (2)  polyclonal 
antisera  generated  by  vaccination  with  a  protein  containing  the  target 
of  the  protective  antibody  provided  only  partial  or  no  antibody- 
mediated  protection,  and  the  mice  remained  susceptible  to  sporozoite 
challenge.  These  experiments  left  two  important  questions  un¬ 
answered.  Can  peptide  vaccines  induce  a  protective  monoclonal  anti¬ 
body?  (All  protective  monoclonal  antibodies  to  date  had  been  raised 
by  immunization  with  irradiated  sporozoites.)  Can  peptide  vaccines 
induce  a  solid,  protective  polyclonal  response  as  effective  as  that  in¬ 
duced  by  passive  immunization  with  monoclonal  antibodies  or  active 
immunization  with  irradiated  sporozoites? 
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Antibody-Mediated  Immunity  and  Specific 
Epitopes 

Ak  and  coworkers  (manuscript  in  preparation)  used  a  P.  yoehi  repeat 
region  subunit  vaccine  to  immunize  mice  and  make  monoclona}  anti¬ 
bodies.  Two  of  the  antibodies,  an  IgGl  and  an  lgG2b,  provide  pro¬ 
tection  upon  passive  transfer.  These  findings  show  that  the  immune 
system,  at  least  in  mice,  is  capable  of  recognizing  a  small  peptide  se¬ 
quence  and  generating  a  monoclonal  antibody  against  it  that  is  pro¬ 
tective.  The  issue  of  whether  antibody-mediated  protection  is  IgG 
subclass-dependent  was  also  put  to  rest.  These  data,  in  combination 
with  the  Fab  studies  of  Potocnjak  and  colleagues  (25),  show  that  IgG 
subclass  is  not  a  restricting  factor  in  the  ability  to  provide  protection. 
In  the  P.  yoelii  system,  IgGl,  IgG2b,  and  IgG3  monoclonal  antibodies 
have  provided  protection  (NYS1,  a  protective  monoclonal  antibody  is 
an  IgG3).  In  1984  Charoenvit  and  colleagues  (unpublished  data)  gener¬ 
ated  a  monoclonal  antibody  by  immunizing  mice  with  irradiated  P. 
vivax  sporozoites.  This  antibody,  designated  NVS3,  was  used  in  the 
cloning  and  sequencing  of  the  P.  vivax  CS  protein,  and  it  binds  to  the 
repeat  region  (DRA  A/D  GQPAG)  of  that  protein  (19).  Work  by  Char¬ 
oenvit  and  coworkers  (41)  demonstrated  that  when  2  mg  of  NVS3 
were  infused  into  Saimiii  monkeys,  four  of  six  of  these  monkeys  were 
protected  against  a  10,000  P.  vivax  sporozoite  challenge.  This  study 
was  the  first  demonstration  that  sporozoites  from  a  h1  man  malarial 
parasite  could  be  neutralized  solely  by  circulating  ant  bodies.  NVS3 
was  then  subjected  to  analysis  by  epitope  mapping  (42),  which  re¬ 
quired  synthesis  of  many  eight  amino  acid  subsets  of  the  repeat  re¬ 
gion  of  the  P.  vivax  CS  protein  and  showed  clearly  that  the  epitope  of 
NVS3  was  the  four  amino  acid  sequence  AGDR  (41).  In  an  earlier 
study  performed  by  Collins  et  al.  (43),  Saimiri  monkeys  v,ere  immu¬ 
nized  with  a  recombinant  subunit  vaccine  designated  NS1S[V20.  This 
vaccine  contains  multiple  copies  of  the  repeat  sequence  of  the  P. 
vivax  CS  protein  and  of  AGDR.  The  monkeys  immunized  with 
NS18iV20  were  not  protected  upon  challenge  with  10,000  P.  vivax 
sporozoites.  Subsequent  examination  of  the  sera  from  these  monkeys 
(41)  indicated  that  although  they  generated  high  antibody  titers  to  P. 
vivax  sporozoites  by  immunofluorescence  and  to  NSlgiV20  in  ELISA 
none  of  the  animals  produced  detectable  antibody  to  (AGDR)2,  as  de¬ 
termined  in  ELISA  even  though  multiple  copies  of  AGDR  are  con¬ 
tained  within  the  NSlgiV20  sequence.  This  finding  means  that  even 
if  the  desired  protective  epitope  is  present  in  the  sequence  oc  the  im¬ 
munogen,  the  desired  antibody  response  is  not  ensured.  Extraneous 
amino  acids  that  form  nonprotective  but  apparently  immunodomi- 
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nant  epitopes  may  have  to  he  deleted  from  the  immunogen.  These 
studies  demonstrated  that  great  exactitude  is  required  in  the  selection 
of  the  epitope  used  to  induce  a  protective  antibody  response.  Here 
an  immunogen  that  is  bound  by  a  monoclonal  antibody  known  to 
be  protective  in  passive  transfer  studies  generated  an  excellent  anti¬ 
body  titer  against  sporozoites  and  against  itself  but  failed  to  produce 
antibody  to  the  discrete,  protective  epitope  contained  within  its 
sequence. 

The  promise  of  the  AGDR  epitope  is  tempered,  however,  when  one 
considers  data  on  strain  variation  in  the  CS  protein  repeat  region  of  P. 
vivax.  Zavala  and  coworkers  (30)  studied  seven  strains  of  P.  vivax 
from  around  the  world  and  found  that  monoclonal  antibodies  to  the 
repeat  region  reacted  with  sporozoites  from  all  seven  strains.  This 
nonvariability  was  consistent  with  that  found  in  P.  falciparum.  In 
1989,  however,  Rosenberg  and  colleagues  (44)  found  that  more  than 
14%  of  the  uncomplicated  cases  of  P.  vivax  malaria  at  two  sites  in 
Thailand  were  caused  by  a  strain  with  a  nine  amino  acid  repeat  that 
shared  only  a  three  amino  acid  homology  with  the  previously  pub¬ 
lished,  nonvariant  sequences.  Antibody  reactivity  to  the  variant  re¬ 
peat  in  persons  from  P.  vivax  endemic  areas  has  since  been  reported 
(45,46). 

This  variant  sequence  does  not  contain  AGDR.  The  possibility, 
however,  that  AGDR  can  be  used  to  immunize  and  provide  protec¬ 
tion  against  nonvariant  strains  of  P.  vivax  means  that  it  may  be  a  pa¬ 
radigm  for  the  development  of  synthetic  or  recombinant  vaccines 
against  a  variety  of  CS  protein  repeats  in  both  P.  vivax  and  other  spe¬ 
cies  of  Plasmodium. 


Carriers  and  Adjuvants 

Concurrent  with  advances  in  understanding  the  crucial  importance  of 
epitope  specificity  (vide  supra),  methods  for  significantly  improving 
the  antibody  titers  induced  by  subunit  vaccines  are  also  being  de¬ 
veloped.  Changes  in  both  carriers  and  the  adjuvants  have  resulted  in 
dramatic  improvements  in  antibody  response.  J.C.  Sadoff  and  col¬ 
leagues  (Walter  Reed  Army  Institute  of  Research,  personal  com¬ 
munication)  chemically  conjugated  R32  (32  copies  of  the  P.  falcipar¬ 
um  repeats)  to  a  variety  of  protein  carrier  molecules  including  tetanus 
toxoid,  choleragenoid,  meningiococcal  outer  membrane  protein,  diph¬ 
theria,  and  the  exotoxin  A  of  Pseudomonas  aeruginosa  (ToxA).  All 
were  safe  when  used  in  humans,  but  the  R32ToxA  construct  was  the 
superior  immunogen,  dieting  levels  of  antibodies  in  nearly  all  volun¬ 
teers  equal  to  those  found  in  the  protected  volunteers  in  the  Ballou 
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iUid  Herrington  studies  (32,33).  In  addition  to  improved  carriers,  new 
and  more  effective  adjuvants  are  also  now  available.  Using  R32NS18i 
(R32  plus  81  amino  acids  from  nonstructural  protein  1  of  influenza  A) 
as  the  vaccine/carrier,  Rickman  et  al.  (47)  have  shown  that  the  use  of 
a  novel  adjuvant  consisting  of  detoxified  lipid  A  (MPL)  and  myco¬ 
bacterial  cell  wall  skeleton  (CWS)  in  squalane  (Detox,  Ribi  Immu- 
nochem)  results  in  as  much  as  a  10-fold  increase  in  immunogenicity 
compared  to  R32NSlgi  adsorbed  to  alum,  the  traditional  adjuvant. 
Similar  results  have  been  observed  when  the  R32NS181  antigen  was 
incorporated  into  liposomes  containing  detoxified  lipid  A  |C.  Alvmg 
and  L.  Fries,  personal  communication).  Efficacy  studies  using  these 
new  carrier/adjuvant  combinations  are  currently  under  way. 


Longevity  of  Antibody 

For  vaccines  designed  to  induce  antibody-mediated  protection,  the 
longevity  of  antibody  levels  to  specific,  protective  epitopes  on  the 
malaria  parasite  is  an  important  factor  when  determining  the  dura¬ 
tion  of  protection.  Persons  such  as  travelers  who  pass  through  mala¬ 
rious  areas  require  protection  for  only  a  specified  period  of  time, 
whereas  persons  living  permanently  in  endemic  areas  need  protective 
antibody  levels  for  life.  Antibody  titers  induced  by  R32  vaccine  candi¬ 
dates  combined  with  both  alum  and  MPL/CWS  adjuvants  generally 
drop  to  50%  with  6  months  of  the  final  vaccination  (32,47).  The  effect 
of  this  drop  on  efficacy  is  unknown.  There  are  several  possible  ways 
to  extend  antibody  longevity.  Adjuvants  or  other  drug  delivery 
methods  may  be  developed  that  lead  to  the  continuous  production  of 
specific  antibody  over  long  periods  of  time.  Another  approach  would 
be  to  include  a  T-helper  epitope  in  the  vaccine.  Persons  living  in  en¬ 
demic  areas  may  receive  natural  T-helper  cell-mediated  boosting  ow¬ 
ing  to  exposure  to  the  bites  of  infected  mosquitoes.  In  rodents,  there 
is  evidence  that  sporozoites  can  boost  the  level  of  antibody  to  subunit 
vaccines  (48),  but  whether  natural  exposure  can  boost  or  even  help 
maintain  antibody  levels  in  humans  is  not  known. 


Antibody-Mediated  Passive  Immunization 

A  variety  of  persons  including  tourists,  diplomats,  businessmen,  and 
military  personnel  may  receive  effective  levels  of  protection  from 
passively  transferred  antibody.  Studies  with  rodent  and  human  malar¬ 
ias,  already  described  (25,41),  demonstrated  that  circulating  anti¬ 
bodies  alone  can  induce  protection.  The  technology  exists  to  convert 
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urine  monoclonal  antibodies  to  chimeric  human  immunoglobulin 
91,  thereby  reducing  reactivity  due  to  species  differences.  This  reac- 
on  may  provide  an  avenue  for  the  production  of  injectable  antibody 
ipable  of  providing  short-term  protection  to  those  briefly  exposed  to 
alaria.  In  another  approach,  lymphocytes  from  appropriately  immu¬ 
red  humans  are  fused  with  myeloma  cells  to  make  a  hybridoma 
iat  produces  fully  human  monoclonal  antibody.  It  is  also  possible  to 
oduce  vast  numbers  of  different  Fab  fragments  by  expression  in 
coli  and  screen  them  for  reactivity  to  any  desired  epitope  (50).  Once 
e  desired  Fab  fragment  is  identified,  it  can  be  produced  in  great 
lantity.  Because  Fab  fragments  have  been  shown  to  be  protective,  at 
ast  in  mice  (25),  it  is  conceivable  that  they  could  then  be  used  for 
issive  immunization. 


Iverview 

oday's  efforts  to  develop  a  sporozoite  vaccine  were  started  with  the 
iservation  that  irradiated  sporozoites  induced  protection  in  rodents, 
'ith  the  identification  and  sequencing  of  the  circumsporozoite  pro¬ 
in,  attention  focused  on  the  creation  of  specific  synthetic  or  recom- 
nant  subunit  molecules  that  would  induce  a  potent  immunity  to 
lorozoites.  Passive  transfer  experiments  using  monoclonal  anti- 
idies  generated  against  both  irradiated  sporozoites  and  peptides  de- 
onstrate  that  impressive  levels  of  protection  against  sporozoite 
lallenge  can  be  achieved  with  circulating  antibodies  alone.  The  next 
ep,  that  of  obtaining  similar  antibody-mediated  protection  through 
imunization  with  subunit  vaccines,  has  not  been  reached.  Informa- 
Dn  obtained  from  both  P.  vivax  and  P.  yoelii  studies,  however,  indi¬ 
tes  that  the  successful  induction  of  orotection  with  monoclonal 
ttibodies  depends  on  the  exact  specificity  of  the  antibody.  The  prob- 
ms  encountered  in  inducing  polyclonal  antibody-mediated  protec- 
an  that  is  equivalent  to  passive  immunization  with  protective 
onoclonal  antibodies  suggests  that  polyclonal  responses  are  perhaps 
o  diffused  and  of  too  low  titer  to  neutralize  the  sporozoite. 

Two  important  factors  in  the  induction  of  antibody-mediated  spor- 
oite  immunity  have  emerged.  First,  methods  for  inducing  and 
aintaining  high  levels  of  antibodies  must  be  developed.  MPL/CWS 
juvants  and  liposomes  have  already  been  shown  to  induce  those 
gh  levels.  Methods  for  increasing  the  longevity  of  antibody,  howev- 
,  have  yet  to  be  developed.  Second,  it  may  be  ideal  for  the  im- 
unogen  to  contain  only  epitope  (s)  proved  to  be  protective  when 
und  by  specific  antibody.  These  epitopes  can  probably  be  best  iden- 
ied  by  the  generation  of  monoclonal  antibodies  to  promising  epi- 
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topes  and  subsequent  passive  transfer  studies.  Preparing  an  epitope- 
carrier-adjuvant  combination  that  induces  high  titer  antibodies  with 
extended  longevity  and  correct  specificity  is  now  the  focus  of  interest 
for  many  malaria  vaccine  developers. 
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